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SECT!_N 1

FOREWORD

This report covers the qualification of the RA-3 and RA-4 Lunar

Capsule spin motor. Qualification tests of the RA-3 motor are in accord-

ance with Test Plan B-2 and Acceptance C--4. Quaii_icatlon of the RA-4

_otor followed an engineering p,oducc improvement effort and is in

_ccordance with Test Plan B-29 and Acceptance C-26.

Because of the compressed schedule on which this work was done,

the test programs tend to merge and to resemble a development effort. As

I a result, although a total of only 24 tests were scheduled fo_" ,qualifica-tion of RA-3 and RA-4 spin motors, about 40 f_rings have been made since

_he start of RA-3 qualification. Data from 34 of these tests are directly

I applicable in predlc__ion of flight motor performance and are included in_h_ report.

°Q
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,_EC.ION 2

CONCLUSIONS

Qualification te_ts of the spin motor are completed. Signif-

icant performance characteristics, total impulse, burning time, and torque

vector alinement are well within system requireL,, _ts. No failures or

indications of failure have been observed. The spin motor is considered

qu_ified _or flight.

6
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SECTION 3

N SD_MAR_ 1

U i

3.1 RA-3 QUALIFICATION, TEST PLaN B-2

I A total of 17 spin motors were fired to qualify the basic design
configuration of the RA-3 motor. (These runs, 104 through 182, are shown

in Table V.) Minor design changes were made du_ing the qualification

i program. These changes _id no_ affect the basic performance of the motorJ i

m but d_d improve the spurious torque characteristics. Of the total, 5

motors of the final flight configuration were tested; spurious torque

I information I_ based on these, For other characteristics, includingprimary torque impulse, specific impulse, burn time, and reliability,

all firings which simulate flight conditions are considered. Signifi-

N cant data are summarized in Table I. Test runs used in determining the
values of the various parameters are listed and explained in Table VI.

TABLE I

i RA-3 SPIN MOTOR QUALIFICATION TEST DATA ;

I Number of t

i
Parameter [Data Po_n*s Minimum Maximum ,Axerage, II

Tip-off angle ortho- I 5 0.0048 0.0185 0.0110

i gonal vector (tad)
Cross axis velocity 5 43 165 98

(fp

i Specific impulse (sec 166 203 179
12

Burn time to 5 percent 13 i>25 1.4_ 1.34

I torque (sec)Capsule roll rate 13 24.25 30.39 26.85

iradlsec)

I .3.

7
I
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3.2 RA-4 QUALIFICATION, TEST PLAN B-29

A total of 18 spin motors of subgtan_ially the flight configur-

ation of the RA-4 motor were fired during the design and qualification

programs. These are runs 214, 218, and 230 through 274. Of these, 4

were fired in the gas dynamic fixture, and 14 in the tozque fixture. A

second arbitrary division separates the cents into 13 qualification

firings and 5 experimental firings.

Of the total number of motors fired, 7 .motors of exactly the

flight configuration were tested on the torque f_xture from which the

fixture tests, the effective tip-off angl? i_ partially dependent on

other effects; therefore, these results are tabulated separately. 'b_o

of the qualification firings and the experlmento_ motors dlffer_d in

minor detail from the flight motors,as are descr,Jed later in this report.

For the other performmnce characteristlce, all firings and significant

data are summarized in Table II. Test runs used in determining the

values of the various parameters are listed and expl_ined in _able VII.

TABLE II

RA-4 SPIN MOTOR QUALIFICATION TEST DATA

Test Number of

Parameter Condition Data Points Minimum Maximum Avera-e

Tip-off angle Spin motor only 6 0.0012 0.0080 0.0048

orthogonal in torque fix-

vector (rad) ture Nozzle

Tool No. l

Cross axis 6 II 71 43

velocity (fps}

Tip-off angle Gas dynamic 2 0.0040 0.0109 0.0075

orthogonal fixture w/o

vector (rad) spin restraint
r-

Cro_s ax_ 2 36 97 67

velocity

Tip-off angle Ga_ dynamic 3 0.0017 0.0047 0.0032

orthogonal fixture with

vector (rad) spin rea_ralnt

Cross axlu 3 15 _2 29

velocity (fps)

Specific impulse All motors con- 12 204 210 208

(sec) ditioned at

vacuum and con- L -

Burn time to 5% for 66 hours 12 I.I0 1.19 1.14

torque (set) or mere. ,L ,

Capsule roll 12 3L.89 133.75 32.7

rate (rad/aec_ _ , _ ,

8
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SECTION 4

TEST PROCEDURE

&.1 ENVIRONMENTAL PRE-CONDITIONING

I

The qualification tests followed the procedure specified

in Test Plans B-2 and B-29, Some modifications in precondltlonlng

ol the motors were made as the test program progressed. The precise

preconditioning received by each of the motors is shown In Table III.

To simplify the testing program, a portion of the grain

I qualification was accomplished in the igniter qoallfication program,which was run concurrently. The igniter grain sets were used to

quallfv the motor for exposure to formalin as used for sterilization

I in motor assembly and ethylene oxide as used in the flr_il spacecraft
sterilization. Detailed Infor_mtion concerning the Igniter-grain tests

are included in report LC(d)-433; general information is included in

this report to summarize the motor qualification parame=ers.

I During the RA-3 qualification, it was found necessary to

remove the mylar diaphrag_ over the grain end to eliminate a large

I spurious torque transient for the first 300 msec of burning. Sub-sequent development tests showed the neceaslty for maintaining the

relative humidity of the igniter below 70 percent. To do this= end

closures were installed over the motor exhaust nozzles for shipment

I and handling and were removed before firing. Igniter and grain
zomblnatlons were therefore qualified at 70 percent RH and the motor

assembly (with nozzle closures) to I00 percent RH.

I During the vacuum conditioning, the motors were held at

70CF. After r_ving fro_ the conditlonlng chamber, the motor was

installed in the test fixture, the firing chamber pumped to altitude,and the motor fired as quickly as possible. The motors ware thus
exposed to amb!ent temperaturl only about 1.5 hours, and the effect

of temperature differences on motor performance should be mlnlwal.

I -5-

I 9
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It should be noted t._t motor L-30A was used as a short-

term age test speci_en. This motor was assembled and stored untl]

6 April 1962 at the ambLent conei_ions at the Aeronutronic facility.
The purpose of this wa.; to determine whether the fret water in the

propellant _md an adverse effect on the hygroscopic BKNO 3 material £n
the iBniter. No effects were noted; motor firing characteristics

were co_pleteiy normal.

4.2 COLD FLOW BALANCING OF _UST NOZZLE T_YRUST

A _jor perfora_nce parameter _or tae spin motor is the

requirement of primary torque vector alinement within 0.006 radxan.

This requires control of t,_e effective thrust along each ex_ust

nozzle cent-_rllne within 0_50 percent.. To met= this requlremer,t, a

procedure was developed to adjust the throat dla_eter of the individual

exhaust nozzles after the complete manifold vas assembled. This pro-
cedure i_ outlined In Test Plans B-4 and B-2_ and is described _ore

fully be Icra.

The test fixture used in cold balar.clng Is the same one _sed

for firing quallflcat_on motors. This fixture is sl._n in F_gure I.

It consists basically of a torque tube restrained in torsion and shear
at the lower end by a thin (O.050-In. stalnless-steel) diaphragm actinR

c- a flexure pivot. At the upper end the tube is connected to two load

_ells by push. rods located at 90 degrees to each other to measur_ pitch

and yaw moments. The distance between the plane of the motor exhaust

tubes and the diaphragm matches the nomlnal dimension to the capsule

center of gravity and the transducer output calibrates directly inte
efffctlve capsule pitch and yaw moments. Primary torque is measured
by strain gages on the _orque tube near the base. The axial component
of thrust i_ not measured.

In early tests, it was _ound necessary to cover the fi_¢ure

as _nown in Flg'_re 2, to ellmlr_Jte erroneous data resulting from

windage on th_ torque colu_=t and temperature effec=s on the transducers.

The covers shield the fixture completely, with only abou_ I/4 inch of

the exhaust v_zzlo.s protruding through. A ple=Iglass top was used to
per_'_c ob_xervatlon of the rotor during cest.

For ce.ld balancing, the motor is assembled with a production-
type case loaded with inert g_..In. !t is mounted in the .____. fixture

on t_.ree pads near the exhaust nozzles, duplicating the retrom>tor
nozzle cutouts, and attached at the _gnlte; end to the nltro_en tube,

dupllca_xng the attachment to the retro closure plug. The nitrogen

1!
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pressure is adjusted to result in a primary torque output of about
70 f_/ib. (Tests have shown that the cold flow unbalanced torque
is not slgntflcantly affected by changes from 25 t_ 175 percent of
this nominal value.) All _-Id flow balmnci:Ig is done at an ambient
pressure of abo_t one psi (about 60,000 ft). Tests have shown that
t_,ecold flow balance results are effectively constant aC altitudes
above 60,000 ft.

In balancing the exhaust nozzles, the manifold assemely
ts operated with nitrogen and the pitch and yaw components of un-
balanced torque measured. _eae are converted to _n effective load
(of known magnitude and dire=tion) in the plane of the exhaust tubes.
One or two nozzles (aa requ!reg) are then enlarged to produce an
effective load equal in _agnitude and opposite in direction and thus
reduce the unbalanced torque to zero. The effect of enlarging ths
nozzles is quite predictable, and ar_ experienced technician can reduce
the unbalanced torque to an acceptable value in three or four steps.
All flight and qualfflc&tlon test motors have been balanced to a torque
vector misalinement of 0.0023 radLan or less, compared wilh a speci-
fication value of 0.006 radish.

During cold flow te_t, the nitrogen ex_ts a_ about
2 Ib/sec and is throttled froe_ about 2200 psi to about 800 psi in the
motor chamber. As a result, the nitrogen feed llne and assoclaced
metal parts of the fixture are sever-ly chilled durtn$ the test, causing
fixture distortion and bias in the _¢a_ To isolate the t=ue spurious
torque, each motor was test,_d in each of the _hree angular positions,
and from the resulting three apparen_ _purious torque vectors ¢wo were
computed: a vector fixed in magnitude and direction (fixture error) and
one of fixed magnitude but whose direction corresponds to the motor
position (motor error). Detel_ined in this manner, the _aaur_aents

of motor error in the three positions are equal within ± 0.0003 radlan
on the average. For hot ftrln_¢s, these teaperature considerations do
not apply, and the fixture error is considered to be zero.

The actual adjustment of nozzle diameter h_s been done in
two ways. For the RA-3 motors, the nozzles were contourpd during
final machining; adjustment during cold flow _as done with a 3/8-in.-
diameter abrasive stick with a capered end. For the RA-4 motors, the
nozzle throats _ere left as a straight bore during final machining.
The throat contouring and all aubsequsnt sizing was done with the
special tool shown in =igure 3. Thi-. _ooI uses co_.¢cured stones on
o split, expanding mandrel to obtain matched contours in the throats.
As shown in Figure 4. iL indexes on ehe inner surface of tb_ exhaust
con_ to maintain throat alinement. The mandrel is rotated manu_11y.
Throat diameters are read with a spllt-ba11_ dt_l-readlng hole _ge;
diameter measur_=ents are repeatable within + 0o0065 inch.

-I0-
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In general, the cold flow balancing procedure provided

predictable, consistent, and repeatable reeJlts. The change in the

spurious torque due to nozzle diameter change for the RA-4 motors

is shown in Figure 5. This curve shows that a change in nozzle

diameter of 0.001 inch caused a corresponding change in tlp-off

moment of about 5 in/lb. In some cases, particular manifold assem-

blies exhibited erratic spurious torque characteristics, or required

I11_/ _ llllll . lid lllil, ill,fill Iii t i_ II_...!. _ ............

the production of twenty ;_A-4 motors, two manifolds were rejected
for these reasons.

Nozzle diameter and balance information is summarized

in Table IV. Data are from motors which at the time of balancing
were considered satisfactory for flight or qualification test.

TABLE IV

_%NIFOLD BALANCE A_ DIAMETER VARIATION

D_fference in Diumeter Betw,

Primary Torque Vector larges_ and smallest nozzle

Motor Sample Alinement _radlans_ _e_nifold _Inches)

Serie__s Size ,Maximum Minlw,_ Average Maximu_ M!nimum Average

RA-3 17 0.0045 0.0001 0.0021 0.0106 0.O00B 0.00355

RA-4 18 0.0024 0.00_, 0.00125 0.0038 0.0002 0.00205

l?

-13-
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SECTION 5

MOTOR FIRING TESTS, RA-3 MOTORS

Data from the RA-3 firl,_gs are shown In Tabl_ V. All

firings since the start of the qu_liflcatlon program are listed in

chronological order. "Q" run numbers a_e those that were specified

as qualiflcatlon firings at the time; "E" runs are experimental, and

the ,,motors,.mayincorporate minor changes from drawings and specifica-
tions.

Run numbers iO4-q through 149-Q are the I_A-3 qualification

firings. All but run 149-Q were made at sea-level ambient pressure.

Run 149-Q and all subsequent firings were made in the vacuu_ chamber

at Douglas, Long Beach, at a simulated altitude of about 105,000 feet

(about 0.135 psi a_bient pressure). The test fixture shown in

Figure 2 was used in all RA-3 firings.

A m4jor pex..-_nce requirement for the spin motor i$ the

tip-off angle Ch_t the capsule can tolerate. Due to sysC_ geometry
required by other design considerations, very small differences in the

three exhaust nozzle thrus_ vectors can cause signiflcant pitch and
yaw (tip-off) moments about the capsule center of gravity. The spin

_otor specifications visualize a steady tip-off torque (expressed as

prinutry torque vector misaline_en_) t_t is proportional to the

prin_ry torque. _a_ed o_ squared-off tozque characteristics the
e_¢ect_ve thrus vector _Agnltude error il limited to about 0_15 Ib,

or to within a'out 0.35 percent, specified as 0.006 radish misa!inement

of _he pri_4ry torque vector. Using this nominal and constant value,

the resultlng tip-off angle and cro_ axis velocity components were

calculated for use in preliminary analyses of RA-3 dispersion.

1965076695-022
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Act,,ally, in operating this close to null, the vector mis-

al].nement is random, varying in both magnitude and direction. To

determine th,_.effect of the measured ip-off torques, motor firing

I data were re,_uced on the digital computer, allowing accurate solutionof the free body equations. It _Jas found thac relatively large tip-off

torque peaks can be tolerated if the direction is relatively random,

or if they oc,ur later in the firing after the capsule has a degree of

I stability fro_ the increasing angular velocity.

I All motor fi.ri,gs were analyzed in this _anner, and the
J final tip-off _.ngle is used as a perfor'_ance criterion, rather than

| specifc values of torque vector _zsaline_ent. The _osults of the

qualification f,rings have been used In final analyses of capsule

I dispersion.

In the early qualification firlngs, a large transient in

i torque vector mi_alinement occurred during the f_rst portion of thefiring. The tip-off torque data shown in Figure 6 show this transient

clearly. These _lara ore fro._ Run 142-Q, and as .ed in Table V,

_.esul,-edir _ -_._--.,_i',c_h,,'_nal vector of 0.02_ radian. It was

I t},eo'ize,__h_ t_is transient resulted from the exit nozzles not flow-ing zLi[, an._ _er,_isted u_til th,_ ,_pstream pressure reached the le_'el

cr,rr_ponding to .['ullflow cond_ ....ns. The change in pressure during

I fir_T;g can b__ app:"oximated by th__ ._mary torque curve shown on

To ch_c!_ this theory, , _otor for Run 148-Q was modified

I by t_unaating the exit nozzles tc _ ,rea ratio (c_oared
of 2.25

to t_( flight moto',"ratio of 3.4) that the nozzle would flow full

at c-_ _gnition prc_ssure. Th's .ted in the spurlou- torque data

I show_ i_ Pigure I. Although _b_. _nsient seems to remaln, althoughhighly .-_:e_uated; the tip-,"ff _ ,_ues shown result from thrust level

variatioi_ _ !e_ _ha_, + '- " _+ 0.757.) and could result fro_,,

I rando._ vari_:,t _.... Sub,_e.q_,"- .irlngs of _tandard nozzles in a vacuumdid not con£_,rT,_'_-_;._, _-,.__we';._ _-ith tlp-off _:orque_ similar to those

in Figure 5

I On Run 172-E a_vl the diaphragm used
subsequent runs_ mylar

to seal the downgtream end of the grain was removed before firing.

The starting transient again disappeared, indicating tha_ the ex-

I pulslon of the mylar caused the transient. Subsequent tests haveconfirmed this. Runs 172-E through 182-E sh_ conslderahle improve-

ment in tlp-off angle, although it.s still undesirably large,

!

!
!
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At that time, the exhaust nozzles were conto_Lred durin_
manufacture, and resized as required for cold flow balancing. As

previously he, ted, only one or two of the three nozzles were enlarged

in this process. The hot firing tip-off torques did not correlate

wit_ the cold flow results, apparently because of the vainute differences

in the nozzle contour that resulted from balancing. O_ Runs 192-E

through 199-E, all nozzles were enlarged 0.003 inch wi:h the same tool

before balancing. Then they were balanced in t_ nor_tl manner. I_,_

results are graphically apparent in Figure 8, which sh_s the data

from Run 192-E. The ratio of specific heats, temperatt_re, density,

and flow rate of the cold flow nitrogen and hot exhaust gas are quite

different; complete similarity of the nozzlc contours is required to

allow correlation of cold flow and hot firi.:g chatactertstlcs.

Another possible cause of the tlp-o_f torque variation is

the flow disturbance downstream of the primary nozzle ir the manifold,

caused by shocking from sonic to subsonic flow. Two test motors were

built with the primary nozzle removed. To retain Lhe satle _otor outpu_

characteristics, it was necessary to reduce the c_amber pressure from

800 psi to about 300 psi, _hat which prevails upstream of the exhaust

nozzles in the standard motor. The mixture ratio a_d oxidizer grind
ratio of the stock grain were altered to provide the burning rate re-

quired at the reduced pressure, resulting in an increase it_ burning
temperature fro_ about 3700 to 4200°F. These motorJ were fired in Runs

193-E and i99-E; tip-off angles were less than 0.007 radtan. Subsequent
tests indicated, _ever, that no significant improvement in tlp-off

torques could be obtained by elimination of the orifice alon_, as dis-

cussed later in the RA-4 firings. Rather tha, arbitrarily ma_¢e such

a ,major change in the basic motor design, the primary orifice was
retained.

The performance of the RA-3 spin motor, as predicted for
flight motors, is summarized in Table I of this report. To _ke this

prediction as reliable as possible, care was used to base each papa-

meter on motor tests that were truly representative of the correspondb_g
cl, aractertsttcs in flight motors. Also, experimental as well a_ quali-

fication test data were used where the data were representative. The
test runs used in computing each of the parameters are listed in Tabl_: VI,

in addition to the specific reasons for not using those run_ considered
non-representative of flight motor performance.

2"I
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TABLE VI

PERFORMANCEDATA SELECTION FOR RA-3 FLIGHT MOIX)RS

Parameter Runs Used Runs Not Used and Reason

T_p-off Angle 172 I0_ thru 169 - These motors had wyi_r

17_ diaphrasoa
176
182 179 - }4arginal ignition performance
192 193, 199 - Non-standard conflgurat£cn;

Low pressure grain

Specific i_pulse, burn 114 104 _ data not available
ti_e, roll rate 118 130 - data not available - firing on

127 special, spln-up fixture
141 148 - Non-standard conflguratlen - exit
142 nozzles criueated to sit-:lace vacuu_ firing
159 14_ - data noc available
164 179 - Margin1 igniter performnce
169 19_, 199 - Non-stsz_ard configuration;
172 Low Fressure grain
174
176
182
192 (Note: ISP net available from run 169)

26
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SECT._0._

Fro= the cesults of the h_.-3 flt_ngs, it v_s apparent that
_t_ relatively minor de_$n changes, the spurious torqLue performance
of the 8pln motor could be significantly tmprove_. The _hanges that
were incorporated are as follows:

(1) _'he _ylar seal and epoxy spacer at the do_ns_rea=
end of the graln were removed.

(2) The _xhaust nozzles were contoured and sized with
a special grfndlns tool.

(3) The GAZ-_ i&n£ter was replaced with a tailored

Ignlter using all m_O 3 as the IEnltlon charge.

(_) The con£1_ration of the igniter installation
_eal was modlfled to increase the seal reliability.

(5) The oxldlxer coarse/flne Srtn_ ratio was changed
_ro=_6/23 to 40/29 to slightly increase the
burning rate.

In addition to the spin motor product Improvement programt a
concurrent test program was conducted to determine the effects of the
spln_otor _xhausc gases on the capsule tlp-off torque. These tests
involved the uaa of a test fixture that slmulatss the separation systems,
so the spurious torque perforumnce of the spin motor cannot be isolated.
_our of the _A-4 qualification tests were conducted on this fixture.
The spurious torque data fro_ these f_rinss are included separately;
other paramaters of motor performance are includad with the results
of those conducted on the torque fixture.

-23-
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Data fr_-_nt|,_ RA-4 firlng_ ate shown In Table VII. All

firings since the s_ar_ of the Engineering Product Improvement

program _re listed in zhronological order. "Q" run numbers are those

that were specified as qualification firings at the time; "E" runs

are experimental, and the motors may incorporate minor changes fr_m

_|rawin_s and specifications.

Motors use_ in test numbers 214 through 219 were intended

to confir_ suitabliity of _he design changes and to determine the

effect of eliminatin@ the primary orif_,ce. Runs 215 and 219 used

Eh_ low pzessu_ /_tu pLA._Ly __/ .._ .........

the_= tests, it was concluded that the improvement in spurious torque

characteristics '_as ,_ue primarily to one changes in exhaus_ nozzle

con_o_.r and deletion _f the mylar diaphragm. Rather tb_n consider

_uzh a ,major c_mnge in mctor design, the low pressure system was

dro?ped.

During fabrication of the BA-% motors: two dlfferent nozzle

_rlmming cools were used. From the early _est results It appeared tbJt

the spurious torque performance of motors bull= with tool No. 2 w_s

inferior to those using Nc. 1 Consequently, only four motors were

buil_ using _ool No. 2. These were fired in test numbers 230_ 248_

249, and 262. All flight %otors were built using nozzle tool No. I.

Tests number 264 an4 266 show excesslvely large tlp-off

angles. D,;,ringbalancing of these manifolds, i_ was noted t.hat the

intern_l cy!_ndrical section tha_ results from rough machlnlng was
shorter than normal on one of the nozzles. This dimension is not

cont_olled directly, but rather is determined by the intersection of

the throat diameter with the entrance and exlt c_nez. Althou_h the

assemblies appeared to balance in _he normal manner, the variation

in appearance ard "feel" was recorded on the balance da_a sheets.

Even so, the motors were specift_:ally not assigned for flisht, but
were considered satisfac_ery for qualification test. Fro_ she flrin_

ces_ results, this was obviously an error. Fisure 9 shows the primary
and spurious _orque curves for Run 252. These results are typical of
the RA-_ mo_cr perfo_ance. The results of Run 266 ate shown in

Figure 10. The _tch and ye_ torques are relatively constant and

are of large magnitude, indicatinK _teady performance but no correla-
tion with cold flow balance. Because of the knowr, variation in nozzle

contour tn these motors, the resulting tip-.off data are not used in
predicting flight motor performance.
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The performance of the RA-4 splr motor, as predicted for

flight motors, is summarized in Table II of this report. To make this

prediction as reliable as possible, care wa_ used to base each para-

meter on motor tests that were truly repres_ntatlve of the corresponding

characteristics in flight motors. Aiso_ experimental as well as quali-

fication test data were used where the data are representative. The

test runs used in computing _=eh of the paran'eters are listed in Table VIII,

along with the specific reasons f,Jr not using those runs considered non-

representative of flight moto_ performance.

TABLE Vlll

PERFORMANCE DATA SELECTION FOR RA-4 FLIGHT MOTORS i

Parameter Runs Used Runs No_ Used and Reason

Spin motor 214E, 252Q, 215E, 219E,-Low pressure grain, 218E -

tip-off angle 253Q, 260Q_ O'rlng clamped in throat

261Q, 272Q, 230Q, 249Q, = Nozzle tool No. 2

248Q, 254Q, 262Q, 265Q, -

Fired on gas dynamic fixture.

264Q, 266Q, 270E, 271E, 274E -

Non-standard configuration in exit
nozzles.

Gas dynamic 254Q, 262Q All other runs not made on this test

tip-off angle 265Q fixture, except 2_8Q - data lost due

to failure of symmetrical vent.

Specific impulse 243Q, 249Q 215E, 219E - Low pressure grain

burn time 252Q, 253Q All others - temperatures condltlonln 8

capsule roll rate 254Q, 260Q, was done during vacuum. Variations

261Q, 264Q, from short, or no temperature (vacuum),

265Q, 266Q, conditioning may invalidate d&ta.

270Q, 271Q,
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SECTION 7

TESTING OF SFIN-UP SYSTEM

7.1 TEST SET-UP

In addition to the tests of the spin motor as a component,
tests were conducted on the entire spin.-up systeT,. The test fixture
simulated the bus-capsule system to the degre_ necessary to provide
representative dynmnic loads on the capsule from the spin motor exhaust
gases.

All tests were conducted in the Douglas Aircraft Company,
Long Beach, vacuum clu_ber. The test fixture is described on Drm_ing
805815; fl_ht hardware use_ in the various tests tnc!uded the motor
support structure (Drawing 800003), t:he s,_nmetrical vent (Drawing 800112),
the r_diatlon shield (Dr4_wtns 800120), and the spin restraint (Drawing
8001_I). The test fixture _et-_p in the vacuum chmabar is shown in
Figure II.

All tests were conducted at a pressure of about 7 mm Ms,
equlva1_nt to an 81titude _f slightly over i00,000 feet.

The test fixture _as designed to a11ow capsule-bus orientation
through 350 degrees of rot_tlon on the Z-axis and t_cough 21 inches of
separation along the Z-axls. The separation acceleratlon and velocity
due to bo_h spin motor axial _hrust and exhaust gas pressures _ere
slmulatad; the an_ular acceleration of spin-up was not simulated° Angular
orientation and separatlon position were obtained by rotatln_ or travers-
ing the bus siuulator; ro_ti_n velocity was about 0,5 radians/sec. Both
th_ capsule and bus si_ulator_ are essentially rigid in rotetlon about the
X and Y axes. With respect :o transvere_ loa_s at the plane of the spin
a_o_or exhaust nozzles, the spring rate of the cJpsule simulator is about
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45,000 Ib/In. The spring rate of the bus simulator for loads in the

three axes is from 1700 ib/in, to 3500 !b/in. depending on load directlc,n.

The flexibility of the bus relative _o the capsule presents difficulties

iz_ analyzing the spin restraint test results.

7.2 SPIN RESTRAINT

During the development and test firings of the RA-3 spin motors,

consider=b!e d!f_ic_!ty wss egpprlenced in reliably obtaining spurious

torques at the low level required. At that time, the desirability of

incorporating a restraint device for the spin-up period was recognized

and implemented. Subsequently the spin motor performance indicated that

the restraint was not essential, but it was retained as further assurance

of minim,_ tip-off frum spin motor spurious torque.

The spin restraint used on KA-4 and RA-5 utilizes the large

inertia ef _he bus to furnish restraining shear loads at the plane of the

spin motor exit nozzles. The restraint acts for slightly less than one

inch of capsule separation. Restraining loads are applied to the central

hub of the spin motor and are transferred through spring loaded arms to

the bus structure. The flight spin restraint is shown in Figure 12 on
the vibration test fixture.

In limiting the capsule tip-off, the significant restraining

_:ri_d is that before spin-up is started and during the first portion

of the spin-up when the angular velocity is low. As the rotational speed
xncreases, the (gyroscopic) inertial stiifness increases _s the _quare,

so the need for restraint rapidly diminishes.

To determine the opt!mm restraint length, a computer program
was set-up representing the dynamic system, and a series of runs were

made to determine final tip-off angle versus restraint length. The modal

• _i'amed restraint la :he lateral direction at the spin motor hub, but
assumed no angular restraint. Spin-up torque applied was from a typical
actual spin motor firing. Tip-off torque was assumed to be a constant
2 ft-lb

The tip-off torque was applied two ways: (I) body fixed - that

is. as if the Itsaltgned priory torque vector rotates with the capeul,,
or as if the equivalent tip-off load in the plane of the spin motor

nottles gotate_ with the capsule, and (2) spice fixed that i_, as if
the mtsaligned torque vector stays fixed in relation to the bus as the

capsule rotates. The body fixed cast corresponds to all tip-off load

being generated as a constant, thrust misaiignment in the spln motor; the
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space flxe_ case corresponds to all tlp-o_ loads b_Ing generated as a
bus function - for example, by unbalanced pressure on the retro nozzle,
posulbly resulting from unsyunetrlcal venting of spln motor exhaust gs-_s.

The results of these calculatlons are shown in Figure 13. I_ is
noted that for a body-flxed spurious torque, the optimum length of restraint
is about 2 inches, and chat about 75% of the benefit obta_,nable is _rovlded
by a l-£nch restraint. The l-lnch length is very _onvenlent, since it allows
flzed restralnlng flngers to be _nsert,d between the spin motor exit tubes.
The fixed relatlonshtp between angular and llnear acceleration of the
capsule insures separation of more than one Inch before rotating to a
po_Ition of interference.

In its final confi_uratlon, the restraint consists of _ center
hub contacting the spin =oto_ at three polntl. Teflon shoes are used at
the contact points. The restraint is supported on three legs which are
spring mounted to the bus structure. The sprln8 rate is about 3_) Ib/In.
for any deflection in the plane of the restraint. This allows motion
during the boost phase vibration when the restraint loads are high, but
restrains the capsule durin_ spin motor firing, when the lateral loads
are mll - less than I pound for the results sho_n in Figure 13, and
less _han 1/2 pound predicted frolmotor test data.

The spin restraint was tested in vibration as part of the complete
capsule system, The effect of the restraint loads on the vibration modes
o_ the cepsuie yes ne_lislble. No undesirable effects on _he spin motor
installation vere observed.

The restraint was installed in the separation test syst_ for
firing tescs. The installation in _he bus simulator is s_own in Figure 14.
Linear potentiometers rare attache_ to the hub to monitor restraint
_osition relative to the bus.

In mating tests vith the c_sule slmuls_o=, it yes determined
t_t the bes_ inste!letion that car. r:asonsbly be made results in a lateral
off-set of about 0.003 in. From _r_vious firings it appears _hat this
lateral dlsplscmnt of the spin motor hub at epproxlmstely l-inch _epara-
tton _s equivelene to 0.005 radians or less f_nal tip-off angle. _nis
c_nparison is quite conservative, since the compareclve tlp-off :ngular
_leci_ims vould not apply vtth the _straint in place.

It _8s found during cold flo_ _est that the Sea pressures on
the b_s cause It _ deflect, resultln_ in s transverse (_pward) displace-
n_nt st the spin restraint. The displs£em_n_ is in the order of 0_02_ inc_
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At a spring rats of 3_0 pounds, this is equivalent _ a load of 6.5 _otmds
or 4 tlp-off _ent of about 250 in.-Ib. This must be subtracted out of
test flrln_ data for tlp-off analysis; it does no_ _pply to _he actual
separation, of course.

In general, _he _pin restraint performed satisfactorily, shy-
ing no tendencies _o_ard reso_ant vibr_tlon, excessive deflection, or
binding. Speciflc firing test _esults are Included in followln8 sections
of this report_

1.3 _OLD _LaJWI_SI$ ON _ _ DY_iC FiX_u-fo_

Cold flo_ _est_ were conducted _n _he 8as dyadmlc fixture to
(I) gain an inslght into the nature of the _,= :_..._e induced (spurious)
_crque, (2) es_abllsh a criteria for the deslgn of a spin res:ralnt, and
(3) d_termlne the lease favorable capsule-bus orlentatlo_ for the llve
motor flrir_s.

It was required _o de_ermlne the functlo_al relatim_shlp of
spurious torqu_ pha_e and uu_nltude, to separation dlsta_ce, rotatloa,
and subsequently t/_ae.

The set-up was mad_ in the DAC vacuum cbmnber ualnS a spin motor
assembly which had first been balanced by a three posi_on cold flo_ in
the "static _est fixture".

Transducers were moun_ed on the 885 dynamic _Ixtux'e for the
_euure_ent of (a) spurious torque about two orthosonal axes and (b) pres-
sures on the re,remoter dome and nozzle. The calibrations were made ualn 8
manometer and dead-waIsht references.

Initial cold flow _e_t8 were conducted at a fixed rotation and

separation, with the sysmetrical vent in _sition. The _ltl_ude vas
approxi_a_eiy 60,000 fee_. _otatlon yam in 15-desree Increments over
a 120-desree sec_oz whi_e separation _,a8 In 2-1_ch lm:rmmnZm over
distance of 21 inches. Separation dictate Is sate _Ath the bus a_!
capsule mated, and increases in p_siti_e _It_t as _ht _speule separates.
The an_ulsr position sero reference is sho_n in _i_ure i_. The _mAtude
and sisn of _he _wo o_hosonal components of 8p_tous torque_ere recorded
at each position of separation and rotation (Runs 381 to 479, February 3.
1962). The masnit_de and phase of the _ector were then plotted oa _olar
coordinates, for a O- to 21-inch separation d_stance, _lth rotation (0 _o
120 deKrees) as a parmutter. X_ had been hoped that _he phase of the
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spurlo,_s torque would indicate some pattern of consistency for varlaus
relati'_e regular positions, i.e., either _emJinlng constant indlc•ti_ a
body (c_psule) fixed phenc_nena or rotating in a manner •nal•_ous to bus
rotation iz,di_etlng • _pace (bus) fixed phe_o_-_na. However, no pattern
of consls_ency became apparent; the phase appeared to be uniformly random.
A consistent pattern was r_esled, however, in the _bzolute magnltude
versus sep•ratlon dlstsnce (time) as shown in Fig_e 16. As can be seen
there was an initial to.-que unbalance of lO In.olb whlch built r_pld!y
to • value of 50 In.-lb Lnd then rapidly diminished to near its orIsinal
value.

It was discover,zd •t this time that the symnetrlc•i ventins
device had been weakene_ by the repeated cold flc_ cesta. Thus s sheet
metal •lumlnum _iner was added to its interior to provide stiffening.
As later becm_e •ppa_-ent, durins the hot motor firinsa, it was this step
which severely altered th• nature of the measured spurious torque.
Eliminated was the l-_rse spike •t 12 inches (0.86 sec) of separation.
This spike was apparer, tly due to •n _upulse _sperted to the tetrameter
nozzle by • buckling of the syus_tt_Ical vontin S device.

Subsequent to th_ 8tiberius of the foresoin5 date, a question
• rose •s to whether sonic flow wa_ beinS incurred at the exit of _he
syunetric•l ventin 8 device. _us dynamic separation tes_-s _._e conducted
in which the nature of the _purioua torque was observed for v_ious •Itl-
tudes. It was observed that _here wu • conslde_eble variation in the

magnitude of the spurious torque for •ltitudes less th_n_ gO,O00 feet; it
bec_ oscillatory •t altitudes less than _0,000 feet. Since the earlier
tests had been run at altitudes of only 60,000 feet, their validity was
questioned. The flo_ say not have been sonic at the _xlt cf the syum_t-
ric•l ventin_ device. Subsequent cold flow tests were conducted at
altitudes of II0,00_ feet which represented near ultimaC_ chamber capa-
bilities.

Additional dynamic separation cold flow tests _re conducted
over #, 120-desree separation ansle s_ctor in l_-de_ree increments, Data
were sathere_ (a) with the s_etricel vent and radiation shield in
position and (b) without the symmetrical vent, but with • simulated
thermal radiation shield in position. It was necessary to use a simulated
radiation shield, since _he multilayer m_lar shi•ld is severely dsmased
and unusable after • few cold flow tests. The shield consisted of a

sheet metal aluminum cylinder, I_ inches lu heljht, which was moun_ed
approximately 3 _nches above the bus _nterface.
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A polar plot of the spurious torque vector (with separation
angle as a parmeter) for a 0- to 21-inch separation di_s._ mde evident
what appeare_ to be a rys_e_atic error tn the data points. The phase o=
the vector, although random, was confined to a single quadrant. The indi-
cated spurious torque appeared to be the sum of two vectors: (I) a very
large systG_atic co_oonent, attributable _o flxture e_ror and vlndase which
conceivably varied with separation distance; a_3 (2) a relatively small
component representing the effects of gas dy_mlcs. Thus to evaluate the
effect of gas dynamics, it becs=e necessary to first determine the system-
atic error of _eas_r_nent which existed at each point of separation. The
vector difference between this latter quantity and that recorded represented
the effects of gas dynamics.

To evaluate the systematic e_ror it became necessary to gather
dyn_ic separation data over a range of separation angles covering 360
degre_ rather than only 120 degrees. The mean (for all separation ansles)
of the indlca_ed spurious torque vector as _ particular separation distance
represents the syst_atic error of measur_ent irrespectiv_ of whether the
gas dynamic portion of the measured torque is bus _ixed or uniformly random.

The data with and without the symmetrical vent were treated in
this manner. For each s, parat_on distance the mean (for separation angles
0 to 360 degrees) _f the spu=ious torque components was co,outed, and the
residuals, representing the _agnitude of the orthogonal components of gas
dynmnic torque, were eva_uated. Polar plo_s of these data again indicated
no correlation of phase vi_h separation angle, i.e., the phase appeared
to be a uniformly distributed random phenomena; neither space or body
fixed. Again, however, the absolute _agnitude versus time sh_s as sys-
te_atic variation.

The mean magnitude (considerin_ a!l se_-ration angles) of the
spurious torque versus _eparation time _ltb the symmetrical vent in
position is shown in Figure 17. The spuri.us torques is appro_ln_tely
constant at one f_ot pound from 0 to 1_ inches; thereafte_ the effect_
of gas dynamics rapidly dimlnish and the spurious torque assumes a value
equal to the inherent =otor unbalance.

The mean values of spuriou_ torque were cross plotted as a
function of capsul© angle, using all values from 0 to 21 inches separa-
tion at _ach an_le. This is shown in Figure 18, The function is sinus-
oidal in nature with a range of 6 to 16 in.-lb; peaks occur every 120 degrees
of separation en$1e. _ith the exception of a phase shift, there were
similar results found _or the case without the symmetrical vent, It was on
this basis that a separation an_lt of 0 de_ree was selected for the first
live motor firiu_ (No. 2_8) on the _as dynamic fixture.

-40-

t

1965076695-047



m i r i ir m ' ii __

IN

_4

I

| ,° .:

I °

I
I
I • o

I
I _ , i i J- ,l I I IIO _D ,,t' _N O lO _ ,4' _ 0

I (t1-'_)_I_o_ snoz_l_s

I
[

1966076696-048



III I I IIIII II_ IEI II •

-42-

1965076695-049



Figure 19 presents pressure traces typical of those obtained

during the foregoing c¢1d flow tests. Typically there was a large (0.25 psi)

pressure bui!d_up inside of the support structure during the first 0.2 sec-

onds (I inch) of separation which ra_diy diminished so between 0.06 and

0.08 psi for the remainder of the run. In each case the direction of the

differential pressure across the retromotor nozzle was found to correspond

with the phase of the spurious torque vector of the spurious torque vector.

7.4 MOTOR FIRING T_STS

A total of four firings wez - _,dae on the gas dynamic _ixture.

In Section 6 of this report is ir luded a discussion of the tip-off

characteristics. The foII,wing de_crlption gives additional details of

the system operatlon.

Run No. 248, March 16, 1962

(1) Test ConfiRuration

(a) 5pin Motor _/N L-308

(b) Radiation Shield 802120 A (w/o black cover)

(c) Sy_unetrical Vent 800112 A (Plastic part

w/o relnforcemen_)

(d) Bus angle 0 degree - did not rotate during run

(e) Fired in closed position - -eparate at normal
axial acceleration

(f) Fired at pressure altitude of 103,000 feet.

(2) Test Results

The sy_metrical vent was severely damaged. It apparently
buckled outward in the lower third (above the heavy section) in the area

of imptngement of the spin motor exhaust. The upper edge buckled in with
a fluttering action _nd contacted the retronozzle in at least ninp places.
Contact areas were spaced about 120 degrees _round the nozzle, approxi-

mately in line with the spin motor nozzles, and at sepa_ation distances

from 8 to 14 inches. The pcint8 of contact _an be seen clearly at one
nozzle in Fisure 20. As a result, the tip-off data were invalid.
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The radiation shlelo sho_ed on_y 5uperflcial heat d_g_. A

symmetrical ve_ modif_catl.on _a_ !nitla_ed as a result of this teat.

Run No. 25h,, March 26, 1962

(I) Test Configuration

(a) Spin Motor S/N L-314

(b) Radiation Shield 802120 A (w/o black cever)

.:) NO sy_etr£_a), vent

(d) Bus rotated lit constant anSular velocity of
about 0.5 tin,d/see.

(e) Fired in closed position with normal ax£al
accelerations

(f) Fired at pressure altltude of 102,0OO feat

(2) Test Results

The rhdiat_on Lhiel,! _a_ _er_Iy damased, It wa_ cospletelv
blown away on one side except _or s narrou portion in tlm attachlng are

The opposite _ide was b_.llowed fo_._ard about 6 Inches ower tb_ end of th_

motor support structure. The retronozzle _arklr_ Indlcated extensive radia-
tion shield :ont_ct ove,_ _he lower 12 inches. This is s_D1m clearly in

Fisure 21.

Run N_. 262, April 7, 1962

(I) Test :onfi_uratlog

(a) Spin Motor S/N L-304

(b_. Radiation Shlel_.{ 800],20 B (w/black cover)

(r:) Symnetrlcal Vent 800143 (w/_luminu_ reinforcement)

_d) Spin Reetra_nt 80013_

(e) Bus "nsular position 180 desrees; did not
rotat- d_rln_ run
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(f) Fired in closed position, with normal axial
accelerations

(g) Fired a pressure altitude of 105,000 feet.

(?) Test Result_

The sy_metrlcal vent and radiation shield showed superflcial

damage, sere were no indlca=ion_ Gf contact with the retro simulator.

n,,_o ,h_ f_er ]OO _sec there was indlca!ion of hl_ "i_ _f

torque (_I0 ftolb/. It was subsequently determined that this was caused

by deflection of the bus simulator due to internal gas pressure° The

_ount of deflection was estimated from cold flow, and the corresponding

tJp_off moment subtracted out of the d_ta for tip-off _nalysl,.

The spin restraint apparently performed satisfactorily. In

spite of direct exhaust blast on the attaching arms and springs, it re-
turned to zero after the firing, with the spring constant unchanged.

There was heavy deposit of exhaust residue on the exposed sprin_ leaves.
The set-up after firing is shown in Figure 22.

Run No. 26_, April II, 1962

(1_ Tes_ Configuration

(a) Spin Motor S/N L-312

(b) R.adlatlon shield and symme_rica! vent used

from previous firing (Run No. 262).

(c) Spin Restraint 800135 modified° The teflon

shoes wer_ removed from the restraint, and one
lu8 was ground down to allow clearance for the
bus deflection.

(d) Bus _ng'l!ar position 180 degrees_ did not
rotate during firing

(e) V_red in cl_sed po_Itlon, with nor_ I a_ial
acceleratlenj

(f) Fired at pressured altitude of I05,000 feet.
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(2) ";?es_ Results

No change in the co_iltton of the heat shield or _y_etrical
vent could be observed. ?erformanc_ of the entire _ystem appeared _o be
satisfactory.

With the spin restraint _lleved,the sip-off torques ze_d
directly as "no restraint" torques. _he tip-off load c_ueed by the spin
restrain_ was computed from the measurt_ deflect!on of the restraint and
•upe_imposed on _he recorded torques. Th_ _esults were analyzed both with
and w£thout _estralnt. and aze t_iat_d in the s_ary,

The temperature of the exhaust gase_ w&s measured at varlou_
places in _he bus and on the capsule. The dat_ fo_ several locations,
_i_h and without the symmetrical vent are _hoen £n ¥18uz_ 23.
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SECTION 8

SURVEILLANCE FIRING OF SPIN MOTOR

To check the aging chazacteristics of the spin motor assenbly_
a flight type motor was _tored for about 90 days before flrir_. 1"his
assembly consisted of the following:

Case S/S L-60
Manifold S/N LolIO
Ignitor S/N L-34
Assembly Date 5-14-62

The components and assembly procedures were in accordance with
flight specifications in all respects, except that the manifold was
rejected for out-of-tolerance spurious torque after cold flow balancing.
The motor was assembled st a rel&tivlly humidity of 50_ - the upper limit
of the specifications,

The motor was fired on August 17, 1962, after 72 hours at a
vacuum of about 12 _. The nezzla caps were removed for the vacuum soak.
The motor was fired at atmespharic pressure; the data listed below were
converted to vacuum for comparisen with prtvieus qualificaCien test.dice.

_ qualtficatien Data Surveillance
Pazamat_£ Ml.._n _ Ave Kound

Burn Time te 5% (set) 1.10 1.19 1.14 1.10

Specific Impulse (sac) 20_ 210 208 210

Capeule _oI1 Race 31.89 33.75 32.79 32.90

The isnlCien delay has net been tabulated as a line item, but It
is censlstant _ith previous firinas.

In sumary, _ha surveillance firing appeared completely _yplcal
in all respects.
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